Background: Crocin I and II are derived from the medicinal plant Crocus sativus L.
Background
Ischemic stroke is a primary cause of mortality and morbidity worldwide [1] and is now the leading cause of death in China [2] . However, there are limited options for the treatment of ischemic stroke [3, 4] , and only 2-5% of stroke patients receive thrombolytic therapy to restore blood flow because of the narrow post-stroke time window (<4.5 h) in which ischemic tissue can be rescued [5, 6] . Recent advances in methods of treating ischemia-reperfusion, including neuroendovascular interventions, mechanical thrombectomy, in vivo imaging, stem cell therapy and computing programs, were developed. [7] [8] [9] [10] . Animal studies have been performed to determine the pathological changes that occur after stroke and to explore the efficacy of new drugs and therapies.
The middle cerebral artery occlusion (MCAO) model in rats mimics the reperfusion of human ischemia after stroke and is used to study the pathological changes that occur after ischemic stroke and the mechanisms of drug action [11] [12] [13] . MCAO stroke induces cell death through interactions between excitatory amino acid (EAA) toxicity, acidosis, inflammatory responses, oxidative stress, peri-infarct depolarization, and apoptosis [14] [15] [16] . Both anoxia and ischemia increase the production of reactive oxygen species (ROS) [17] [18] [19] and induce inflammatory responses [19] [20] [21] , and these cause damage to cellular components and negatively affect cell growth and function [22] .
Crocin I and II (Figure 1) are purified from the medicinal plant Crocus sativus L.
(Saffron) [23] and are widely reported to have antineoplastic properties [24] [25] [26] .
Crocins were also found have the effect on metabolic syndrome-induced osteoporosis in rats [27] . Their neuroprotective effects have been attracting increasing attention; for example, the potential therapeutic effect of crocins for Alzheimer's disease has been reported [23] . It has been also found that crocin could enhance hypothermia therapy in hypoxic ischemia-induced brain injury in mice [28] . The present study explored the efficacy and mechanisms of crocin I and II in the treatment of cerebral apoplexy induced by hypoxia in an MCAO model and investigated the neuroprotective effects of crocin I, crocin II, and a mixture of the two in in vivo models.
Materials and methods

Animals
Pathogen-free male SD rats (weight upon receipt: 120-140 g; 
Rat cerebral ischemia-reperfusion injury model
The experimental groups included the sham group (Sham), MCAO-only group (Model), crocin I group (C1), crocin II group (C2), and crocin I and II (1:1) mixture group (C1+2). Both the Sham and Model groups were intragastrically administered 0.5% sodium carboxymethyl cellulose (Alibaba Co., Ltd., Hangzhou, China). The intragastrically administrated doses of crocin I (lot number: 111588-201303, purity: 92.6%), crocin II (lot number: 111589-201103, purity: 91.9%), and the crocin I and II mixture were 0.013 mg·kg −1 per day, 0.015 mg·kg −1 per day, and 0.014 mg·kg −1 per day, respectively, which were similar to the clinically relevant dose in humans. The intragastric administration volume was 10 mL·kg −1 and was given once per day for 14 days. After the 14-day treatments, rats from the Model, C1, C2, and C1+2 groups were anesthetized using 10% chloral hydrate at a dosage of 3.5 mL·kg −1 . The MCAO operation was conducted using a reversible cerebral artery occlusion suture method that was designed for rats [29] . The Sham group underwent surgery similar to that of the MCAO group, but the external carotid artery and branches were not actually blocked.
Amino acid sample preparation in the rat cortex
Six rats were allocated to each of the Sham, Model, C1, C2, and C1+2 groups as The solution was mixed for 30 s, allowed to stand for 120 s, and run through an Agilent ZORBAX C18 column (4.6 × 150 mm, 5 μ m). Mobile phase A consisted of 10 mmol/L Na 2 HPO 4 :12H 2 O (pH 6.88), and mobile phase B consisted of methanol/acetonitrile (3:1). The ratio of phases A and B in solution was 6.4:3.6. The excitation wavelength was 355 nm, and the emission wavelength was 450 nm. The gain margin was ×6 with a lower sensitivity, the flow rate was set to 1.0 mL/min, the column temperature was 35°C, and the sample size was 10 μ L.
Antioxidant index determination
Ten rats each were allocated to the Sham, Model, C1, C2, and C1+2 groups as described above. In this experiment, the suture was taken out after 100 min of ischemia, and after reperfusion was performed for 20 h the rats were decapitated. The cerebral tissues were kept in cold normal saline to remove the blood and then were 
Real-time polymerase chain reaction
Twelve rats each were allocated to the Sham, Model, C1, C2, and C1+2 groups as 
Statistical analysis
All data are presented as the mean ± standard deviation and were analyzed with GraphPad Prism 6.01 statistical software (GraphPad Software, Inc., La Jolla, CA, US).
The t-test was used for analyzing measurement data. Differences between two groups were analyzed by using the Student's t-test. Comparison between multiple groups was done using One-way ANOVA test followed by Post Hoc Test (Least Significant Difference). P<0.05 was considered statistically significant.
Results
Effects of crocin I and II on cortical amino acids in the rats with MCAO-induced cerebral ischemia-reperfusion injury
Compared with the Sham group, the Glu concentrations in the Model group were significantly increased at each time point of cerebral ischemia and reperfusion (Figure 2A, P<0.05) . Compared with the Model group, the Glu concentrations in the C1, C2, and C1+2 groups were decreased at the I-100 and I-100+R-40 time points, and in the C2 and C1+2 groups the Glu concentrations were decreased at the I-100+R-70 and I-100+R-200 time points (Figure 2A, P<0.05) . We also found that Glu levels in the C1+2 group were lower than either the C1 or C2 groups at the I-100+R-40, I-100+R-70, and I-100+R-200 time points (Figure 2A, P<0.05 ), suggesting that administration of crocin I and II at the same time has a stronger effect than using only one alone.
Compared with the Sham group, the Tau concentrations in the Model group were significantly increased at I-70 and I-100 (Figure 2B, P<0.05) . Compared with the Model group, the Tau concentrations were decreased at all six time points in the C1, C2, and C1+2 groups (Figure 2B, P<0.05) . Notably, the Tau level in the C1+2 group was lower than either the C1 or C2 groups at I-100+R-40, I-100+R-70, and I-100+R-200 (Figure 2B, P<0.05) . (Figure 2C, P<0.05) . Notably, the GABA level in the C1+2 group was lower than the C1 group at I-100+R-70 (Figure 2C, P<0.05 ).
Effects of crocin I and II on antioxidant indices in MCAO-induced cerebral ischemia-reperfusion injury
None of the four antioxidant indices were significantly changed in the left-brain tissue (the non-ischemic side) of the rats in the Model group or crocin-administered groups compared with the Sham group (Figure 3, P>0.05) . MDA levels were significantly increased in the right-brain tissue (the ischemic side) in the Model group (Figure 3A, P<0.05), while GSH-Px, T-AOC, and total SOD (T-SOD) levels were significantly decreased (Figure 3B-3D, P<0.05) . Compared with the Model group, the T-AOC and T-SOD activities were significantly increased in the right-brain tissue of the C1+2 group (Figure 3B-3C, P<0.05) .
Effects of crocin I and II on p38, Nfkb1, Bcl2, Bax, and Casp3 mRNA expression in the frontal lobe of rats with MCAO-induced cerebral ischemia-reperfusion injury
The Bcl2/Bax ratio of mRNA expression was significantly decreased in the Model group compared with the Sham group at all four time points (Figure 4A, P<0.05) .
Compared with the Model group, the ratio was not upregulated in the C1, C2, or C1+2 groups (Figure 4A, P>0.05) . The Casp3 and Nfkb1 mRNA expression levels were significantly higher in the Model group compared to the Sham group ( Figure   4B-4C, P<0.05) , and they were downregulated in the C1, C2, and C1+2 groups at all four time points (Figure 4B-4C, P<0.05) . At I-100+R-200, the Casp3 mRNA level in the C1+2 group was significantly lower than in the C1 group, while there were no differences between the C1 and C2 groups (Figure 4C, P<0.05) . The Nfkb1 mRNA level in the C1+2 group was lower than in the C1 and C2 groups (Figure 4C, P<0.05) , and the p38 mRNA expression levels were unchanged among groups (Figure 4D, P>0.05).
Discussion
We generated a rat cerebral ischemia-reperfusion injury model using a reversible cerebral artery occlusion suture method. Since crocins were used as preventative treatment for ischemia-reperfusion injury, they were actually administrated before ischemia-reperfusion injury modelling. We then further discussed the pathways involving inflammatory factors (p38 and NF-кB), apoptotic factors (Bcl-2, Bax, and caspase-3), amino acid neurotransmitters, and ROS that contribute to learning and memory in the cortex with drug intervention in order to elucidate the effects and properties of crocin I and II and thereby provided support for their clinical applications.
The neurotoxic properties of EAAs result in the initiation and development of cerebral tissue injury, and Glu is one of the most important EAAs in the brain [30] . Tau and GABA are important inhibitory amino acids (IAAs) in the brain, and in models of cerebral ischemia they are released by cells to counteract the effects of EAAs [31, 32] .
The present study was conducted to assess the neuroprotective mechanisms of crocin I and II by measuring changes in amino acid concentrations in the cerebral cortex at different time points after ischemia-reperfusion injury. The Glu/GABA ratio is a measure of the balance of cerebral EAAs and IAAs, and we found that in ischemia-reperfusion injury the in vivo Glu and GABA levels were increased (Figure   2A and 2C) as were the corresponding overall EAA/IAA ratios. In all three crocin-treatment groups, the concentrations of certain amino acids that are involved in EAA/IAA homeostasis were downregulated at different time points and they had a tendency to approach normal levels. Thus crocin I and II appear to play a protective role in the acute stage of ischemia-reperfusion by reducing the neurotoxicity of EAAs.
Crocin I and II decreased the concentrations of the IAAs Tau and GABA ( Figure   2B-2C) , and the Glu/GABA ratio was maintained at normal homeostatic levels and thus reduced the toxicity of EAAs. Maintaining and improving the relative concentrations of EAA and IAA might be one of the mechanisms underlying crocin I and II's action in reducing the cerebral infarction volume in acute cerebral ischemia.
The T-AOC of an organism reflects its ability to resist oxidation and to scavenge free radicals [33] and consists of enzymatic and nonenzymatic antioxidant defense systems that include, but are not limited to, SOD, catalase, GSH-Px, vitamin C, vitamin E, glutathione, glucose, and β -carotene. The T-AOC is more dependable for evaluating whether stress has caused oxidative damage to an organism than information provided by a single antioxidant index. When endogenous or exogenous events cause abnormalities in an organism's metabolism that lead to the sudden production of large amounts of ROS, the antioxidant defense system will be triggered and excessive ROS will be removed, thereby protecting the tissues from oxidative damage [34] . SOD is an endogenous antioxidant enzyme that metabolizes ROS into hypotoxic substances, hence protecting cells from damage and playing a crucial role in balancing oxidation and antioxidation in an organism [35, 36] . Nonenzymatic ROS attacks on polyunsaturated fatty acids in biological membranes form lipid peroxides such as MDA, and thus the MDA concentration reflects the degree of lipid peroxidation and indirectly reflects the degree of cell damage. The current study also examined the antioxidation mechanisms of crocin I and II in protecting against ischemic cerebral injury and their influence on antioxidant indices in bilateral ischemic and non-ischemic rat cerebral tissues. Crocin I and II significantly improved T-SOD and T-AOC activity in bilateral ischemic cerebral tissues (Figure 3C-3D ), suggesting that in vivo antioxidant enzyme synthesis rescues the aberrant oxidation/antioxidation balance seen in oxidative-stress injury and that crocin I and II play important roles in the enzymatic and nonenzymatic antioxidant defense systems to protect cells from oxidation damage.
We also found that when crocin I and II were administered prior to MCAO-induced ischemia-reperfusion injury in rats, the expression of Casp3 and Nfkb1 mRNA was downregulated at different time points after ischemia reperfusion (Figure 4B-4C) .
These results suggest that crocin I and II play a protective role in ischemia-reperfusion injury through the downregulation of factors associated with apoptosis.
Interestingly, we also found that using crocin I and II together with both at half dosages had better effects at some time points than administering only crocin I or crocin II alone at the full dosage (Figure 2-4) , thus suggesting that crocin I and II have synergistic neuroprotective effects against in vivo ischemic and anoxic injury.
To be honest, we also compared infract volumes between C1+2 and Model groups using TTC staining and in vivo MR imaging. Results exhibited no statistical significance (not shown) between groups for both methods. As crocins were designed as preventative treatment for ischemia-reperfusion injury in current study, they were administrated prior to modeling. Though crocins could not significantly reduce the infract volume caused by ischemia-reperfusion injury, they restored levels of important molecular makers of ischemia-reperfusion injury including amino acid neurotransmitters, antioxidant indexes, inflammatory factors and key molecules in apoptosis signaling. 
Figure legends
